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Abstract

Thyroid hormones (TH) are important in growth, development and the maintenance of proper cellular metabolism in verte-
brates. Amphibian metamorphosis is completely dependent on TH and forms the basis of a screen for thyroid axis disrupting
chemicals that currently relies on external morphological endpoints and changes in thyroid gland histology. The requirement
for TH-dependent gene expression makes it possible to augment this screen through the addition of molecular endpoints. In
order to do this, gene selection, choice of sampling time, tissue sensitivity, and their relationship to morphological change
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must all be considered. We exposed stage 54Xenopus laevis tadpoles to a concentration series of the THs, thyroxine4)
and 3,5,3′-triiodothyronine (T3), and three known TH antagonists, methimazole, propylthiouracil (PTU), and perchlora
agonists significantly accelerated metamorphosis as defined by developmental stage attained after 14 days. In cont
antagonists significantly delayed metamorphosis at 14 days and caused an increase in thyroid gland size at day 8. We
changes in steady-state mRNA levels of thyroid hormone receptor�- and�-isoforms and the basic transcription element bin
(BTEB) protein by quantitative real-time polymerase chain reaction. Three tissues (brain, tail and hindlimb) were an
24, 48 and 96 h and we found that TH receptor, TR�, and BTEB were the most sensitive gene transcripts for the TH ago
whereas only TR� displayed significant changes upon antagonist exposure. We detected differences in tissue-specific
between the two agonists. We matched the concentrations of T3 and T4 that elicited similar biological responses at 14 days
compared the induction of gene expression. At 96 h, the TR� and BTEB expression response to T3 and T4 was similar in th
tail. In contrast, T3 elicited no concentration-dependent changes in TR� and BTEB expression in the brain, whereas T4 elevated
their expression. The tail showed the highest correlation between TH concentration and morphological outcome w
brain was the most sensitive to antagonist treatment. Only methimazole and perchlorate showed significant changes i� gene
expression in the brain whereas PTU did not suggesting differences in cellular mechanisms of action. The greatest eff
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expression occurred within 48 h with many of the hormone-dependent changes disappearing by 96 h. This study accentuates the
need to examine multiple tissues and provides critical information required for optimization of exposure regimens and endpoint
assessments that focus on the detection of disruption in TH-regulatory systems.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

There is wide recognition that many chemicals in the
environment may interfere with endocrine-regulated
systems (Damstra et al., 2002) and there is a need
to develop effective screens and biomarkers for their
detection. One bioassay currently under development
for detection of thyroid axis disruption is based on
the use of the model amphibian speciesXenopus lae-
vis. This assay takes advantage of the dependence of
amphibian metamorphosis on normal thyroid function
and the use of whole animals to allow consideration
of physiology, chemical biotransformation, and cellu-
lar context. Metamorphosis involves the transition of
the aquatic tadpole to the terrestrial juvenile frog. The
dramatic structural and functional changes of larval tis-
sues during this developmental process are completely
dependent upon thyroid hormones (THs) (Atkinson et
al., 1996; Damjanovski et al., 2000). As in mammals,
thyroxine (T4) is the main secretory product of the
amphibian thyroid gland (Buscaglia et al., 1985) and it

phic X. laevis tadpoles (Degitz et al., 2005; Tietge et
al., 2005). However, there is a need for the develop-
ment of additional tools arising from the inability of
standard toxicological approaches that focus on tissue
and organismal effects to adequately discern molecu-
lar mechanisms of action. Gene expression monitoring
is one approach that has the potential to serve as a
reliable predictor of whole organism effects and pro-
vide crucial information for specific mechanisms of
action of a particular chemical, class of chemicals
or mixture of unrelated chemicals. Since changes in
gene expression often precede overt morphological and
physiological changes, development of molecular end-
points for incorporation into the existing assay could
also reduce assay duration. TH-induced gene expres-
sion during anuran metamorphosis has been exten-
sively studied and gene expression profiles associated
with metamorphosis have been evaluated within differ-
ent tissues ofX. laevis (Buckbinder and Brown, 1992;
Brown et al., 1996; Denver et al., 1997; Helbing et al.,
2003). This wealth of information on tissue-specific
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to the more active 3,5,3′-triiodothyronine (T3) form
(Becker et al., 1997; Huang et al., 1999; Kawahara et
al., 1999). Metamorphosis has three distinct develop-
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expression analysis was performed in the tail, brain and
hindlimb to determine the relative sensitivities of these
tissues to the gene expression endpoints. These tis-
sues reflect diverse developmental TH-dependent fates,
such as regression, remodeling, and growth, respec-
tively. We compare their expression levels with mor-
phometric endpoints derived at day 14. This work
establishes fundamental assay criteria for the detection
of TH disrupting chemicals and provides an important
basis from which gene expression may be incorporated
as an endpoint for the detection of disruption in TH-
regulatory systems.

2. Materials and methods

2.1. Experimental animals

X. laevis tadpoles used in this study were obtained
from an in-house culture where adults were injected
with human chorionic gonadotropin to induce repro-
duction. The resultant embryos were treated with 2%
cysteine (pH 8.1) for approximately 2 min to remove
the jelly coat and rinsed thoroughly with Lake Superior
water (LSW). Embryos were held at 21◦C for 4 days
to allow for hatching, at which time they were divided
into groups of 40 and maintained in LSW at 21◦C until
the desired developmental stage was attained. Tadpoles
were fed a blended mixture of TetraFin® (Tetra Sales,
Blacksburg, VA, USA),Spirulina algae discs (The
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saturation method). The range of DO measurements
across all studies was 6.29–7.80 mg/l. All other water
characteristics were measured using methods described
by the American Public Health Association (APHA,
1992). The range of pH readings (conducted weekly
on a minimum of 12 tanks during all tests) across all
studies was 7.65–8.06. Hardness and alkalinity deter-
minations were made on a minimum of three tanks
(one control, two treatment tanks) once during each
study. The range for total hardness across all studies
was 47.0–47.5 mg/l CaCO3. The range for all alkalin-
ity measurements across all studies was 39.5–40.0 mg/l
CaCO3.

2.3. Chemicals

T4, T3, methimazole, 6-propylthiouracil (PTU) and
perchlorate were obtained from Sigma Chemical Co.
(St. Louis, MO). A stock solution of T3 was prepared
by dissolving 29 mg T3 into 100 ml of 50 mM NaOH.
A diluted stock solution of T3 (234 nM) was prepared
by addition of 10 ml T3 stock to 19 l of LSW. T4
stock solutions (5.16�M) were prepared by dissolv-
ing 72.2 mg T4 in 18 l of LSW. Stock solutions for
methimazole (1250 mg/l) and perchlorate (492 mg/l)
were made in a 19 l glass carboy by dissolving the
chemical in Lake Superior water using a stir plate
and a magnetic stir bar. Stock solutions for PTU
(600 mg/l) were made in a 19 l glass carboy using
a l in
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io-Marine Inc., Hawthorne, CA, USA) twice/day
eekdays and once/day on the weekends regardle

reatment.

.2. Water characteristics

Lake Superior water used for all tests was filte
hrough sand, a 5�m filter, a 0.45�m filter, sterilized
ith ultraviolet light and heated to the appropriate

ank temperature of 20.9± 0.2◦C (n = 588). Exposur
anks were immersed in a water bath system (water
emperatures were continuously monitored) to m
ain temperature uniformity between tanks. Disso
xygen (DO) was measured weekly during all te
sing a DO meter (calibrated prior to use by the
high speed top stirrer to dissolve the chemica
ake Superior water that had been previously heat
0◦C.

.4. Exposure system

A computerized exposure system was used fo
tudies. This system, whose components are g
tainless steel and Teflon, generated five duplic
xposure concentrations for each chemical with a
ion factor of 2 for T4 and T3, as well as dupli
ate controls. Exposure tanks were glass aq
22.5 cm× 14.0 cm× 16.5 cm deep) equipped w
3 cm standpipes, which resulted in an actual tank
me of 4.0 l. The flow rate to each tank was 25 ml/m
luorescent lamps provided a photoperiod of 12:

ight:dark at an intensity that ranged from 61 to 139
t the water surface.
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2.5. Animal exposures

2.5.1. Experiment 1 (T4 and T3)
Tadpoles were anaesthetized using 100 mg/l of

tricaine methane sulfonate (MS-222) buffered with
200 mg/l of sodium bicarbonate, sorted by stage
(Nieuwkoop and Faber, 1956), and allowed to recover
from anesthesia in LSW. After recovery, 240 tadpoles
(NF stage 54) were randomly placed into 12 tanks (20
tadpoles/tank) and exposed to five separate T4 con-
centrations (10, 20.1, 40.3, 80.6, and 161.2 nM), and
a LSW control. Remaining tadpoles (NF stages 52
and 53) were placed back in clean water until they
reached stage 54 (3–4 days) when they were subse-
quently used in exposures with five different T3 con-
centrations (0.48, 0.97, 1.92, 3.84, and 7.68 nM), and
a LSW control. Each chemical exposure concentration
was replicated twice along with the associated LSW
control.

Once chemical exposure had begun, mortality
observations were made daily and any dead tadpoles
were removed. Water samples were taken at least three
times throughout each test and measured for T4 and T3
concentrations. These measured concentrations were
similar to the nominal concentrations (>97% nominal
in all cases) and the effects data expressed as nomi-
nal concentration. At 24, 48 and 96 h, two organisms
per exposure replicate (four organisms total per each
individual treatment) were randomly selected, eutha-
nized in MS-222, and preserved in RNAlater (Ambion
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exposed (six tanks/chemical) to a single concentration
of PTU (20 mg/l), methimazole (100 mg/l) or perchlo-
rate (4 mg/l). These concentrations were selected based
on the organism response that they have been shown to
produce in previous studies (Degitz et al., 2005; Tietge
et al., 2005).

Once chemical exposure had begun, mortality
observations were made daily and any dead tadpoles
were removed. Water samples were taken at least three
times throughout each test and measured for PTU,
methimazole, or perchlorate. The measured concentra-
tions were similar to the nominal concentrations (>97%
nominal in all cases) for all test chemicals (data not
shown) and so the effects data presented are expressed
as nominal concentration. At 24, 48 and 96 h, five tad-
poles from two of the six tanks (10 tadpoles per each
individual treatment) were randomly selected, eutha-
nized in MS-222, and preserved in RNAlater (Ambion
Inc., Austin, TX, USA) for analysis of gene expres-
sion. Additional tadpoles were sampled and processed
for methods reported elsewhere (Degitz et al., 2005;
Tietge et al., 2005). Other procedures or methods not
specified followed those recommended by the Ameri-
can Society for Testing and Materials (ASTM, 2000).

2.6. Chemical analysis

Water samples collected from the T3 and T4 expo-
sure chambers were immediately analyzed by high-
performance liquid chromatography with inductively
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or Testing and Materials (ASTM, 2000).

.5.2. Experiment 2 (methimazole, PTU and
erchlorate)

Tadpoles were anaesthetized as in experime
orted by stage (Nieuwkoop and Faber, 1956), and
llowed to recover from anesthesia in LSW. A
ecovery, tadpoles (NF stage 54) were randomly pl
nto 24 tanks (20 tadpoles/tank) and tadpoles w
oupled plasma mass spectrometry (HPLC-ICP-
s described byDegitz et al. (2005). Water sample
ollected from PTU and methimazole exposure ch
ers were immediately analyzed by high-performa

iquid chromatography as described byDegitz et al
2005). Perchlorate was analyzed by ion chromato
hy as described byTietge et al. (2005).

.7. Isolation of RNA and cDNA synthesis

Brain, tail and hindlimbs were collected from ea
ndividual and total RNA was isolated using TRI
eagent as described by the manufacturer (Invitro
anada Inc., Burlington, Ont., Canada). Mechan
isruption of tissues utilized TRIzol reagent (300�l

or hindlimbs, 200�l for brains, and 700�l for tails), a
mm diameter tungsten–carbide bead, and safe
ppendorf 1.5 ml microcentrifuge tubes in a Ret
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MM301 Mixer Mill (Fisher Scientific Ltd., Ottawa,
ON) at 20 Hz for 6 min. Mixing chambers were rotated
180◦ halfway through the homogenization procedure.
For the brain and hindlimb samples, 20�g glyco-
gen (Roche Diagnostics, Laval, PQ) was added prior
to isopropanol precipitation to maximize RNA yield.
Isolated RNA was subsequently resuspended in 20�l
(hindlimb and brain) or 40�l (tail) diethyl pyrocar-
bonate (DEPC)-treated RNase-free water and stored at
−70◦C.

Total RNA (1�g from tail and hindlimb and 0.7�g
from brain) was annealed with 500 ng random hex-
amer oligonucleotide (Amersham Biosciences Inc.,
Baie D’urfe, Quebec, Canada) and cDNA was synthe-
sized using Superscript II RNase H− reverse transcrip-
tase (Invitrogen Canada Inc., Burlington, Ont., Canada)
as described by the manufacturer. The cDNA products
were diluted 20-fold prior to PCR amplification.

2.8. Real-time quantitative polymerase chain
reaction (QPCR)

The expression of selected gene transcripts was
analyzed using a MX4000 real-time quantitative poly-
merase chain reaction system (Stratagene, La Jolla,
CA, USA) as described previously (Crump et al., 2002)
using gene specific primers (ViagenX Biotech Inc.,
Victoria, BC, Canada). A standard curve of each primer
pair was generated using the appropriate quantified
plasmid DNA containing the target gene sequence.
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p < 0.05, pairwise comparisons were done using the
Mann–WhitneyU-test. The tank effect in every treat-
ment concentration was not significant (p > 0.05) using
the Mann–WhitneyU-test, therefore, the data of two
replicate tanks were combined for further statistical
analyses. Paired examination of developmental stage
attained between control and treated tadpoles was
conducted using the Mann–WhitneyU-test. Steady-
state mRNA levels of the testing gene in a given
exposure time and chemical concentration/treatment
was compared with the respective controls using the
Mann–WhitneyU-test, with an�-adjusted significance
level of p ≤ 0.02. The correlation between the TH
concentration-dependent gene expression in each tis-
sue at a given exposure time and the developmental
stage were analyzed by bivariate correlations. The aver-
ages of each parameter were used to determine Spear-
man’s rho due to uneven sample sizes.

3. Results

3.1. Acceleration of development by THs

In order to assess tissue sensitivity, a concentration
range of the agonists, T3 and T4, were chosen based
upon reported endogenous values during natural meta-
morphosis (Leloup and Buscaglia, 1977; Krain and
Denver, 2004). Within 14 days, NF stage 54 tadpoles
develop to NF stage 60 (distribution range from 57 to
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.9. Statistics

Statistical analyses were conducted using S
oftware (SPSS, Chicago, IL, USA). Developm
al stage was analyzed based on the distributio
tages at 14 days of exposure. The non-param
ruskal–Wallis one-way analysis of variance was c
ucted within hormone and tissue data sets. W
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entration of T3 (0.48 nM) examined. As T3 exposure
oncentrations increased, this was accompanied
oncomitant increase in the number of animals at
evelopmental stages (Table 1). A shift in population
istribution to later developmental stages (distribu
ange from 60 to 64) was also observed for the l
st concentration of T4 (10 nM). This distribution i
omparable to that obtained with exposure to 0.97
.92 nM T3 and reflects the known difference in b

ogical activities of these THs (Table 1) (Frieden, 1968
hite and Nicoll, 1981). With exposure to increasin
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Table 1
Developmental stage distribution ofX. laevis tadpoles exposed to TH for 14 days

Treatment n Mortality NF stage

57 58 59 60 61 62 63 64 65

T3 control 28 0 2 5 6 7 7 – 1 – –
0.48 nM T3 28 0 – 3 6 3 4 5 7 – –
0.97 nM T3 28 6 – 1 – 1 5 3 9 3 –
1.92 nM T3 28 0 – – – – – 3 15 9 1
3.84 nM T3 28 3 – – – – – – 14 9 2
7.68 nM T3 28 19 – – – – – – 2 2 5

T4 control 27 1 – 3 7 10 2 2 2 – –
10 nM T4 28 0 – – – 1 – 2 23 2 –
20.1 nM T4 28 3 – – – – – – – 2 23
40.3 nM T4 28 24 – – – – – – – – 4
80.6 nM T4 28 28 – – – – – – – – –
161.2 nM T4 28 28 – – – – – – – – –

although this effect was restricted due to mortality.
Mortality is frequently observed during precociously
induced metamorphosis at higher hormone concentra-
tions due to uncoordinated effects of gill resorption and
lung development (Atkinson, 1981).

3.2. Gene expression response to exogenous TH

Significant TH-induced up-regulation of TR�
(p ≤ 0.02) was observed primarily in the tail and the
magnitude of this induction remained within two-fold
(Fig. 1). There was a progressive increase in the steady-
state levels of TR� mRNA with increasing exogenous
T3 concentration at 24 and 48 h in the tail. At 96 h,
a significant increase of TR� mRNA expression was
detected only with the highest T3 concentration rela-
tive to the control animals (p ≤ 0.02). Up to a two-fold
elevation in steady-state levels of TR� mRNA was
observed at most T4 concentrations for all treatment
periods in the tail (p ≤ 0.02). The brain showed no
significant difference at any time point for T3 or T4
(Fig. 1). The hindlimb also showed no significant dif-
ferences for T3 or T4 treatments except that a significant
decrease was observed at the 96 h time point at concen-
trations above 10 nM T4 (Fig. 1).

The temporal response in TR� expression to T3
exposure varied among tissues (Fig. 2). A progres-
sive increase in steady-state levels of TR� mRNA with
increasing T3 concentration was observed in the tail
at all time points and significant fold-induction was
e h

(p ≤ 0.02). At 96 h, however, the magnitude of induc-
tion was reduced. Neither the brain nor the hindlimb
showed a significant increase in TR� levels at any time
with the lowest T3 concentration. At the higher concen-
trations, significant increases were detected beginning
at 0.97 nM, except in the brain at 24 h, where a signifi-
cant increase was detectable with at least 1.92 nM T3.
By 96 h, the levels of TR� mRNA in both brain and
hindlimb were indistinguishable from the control. The
greatest increase in TR� mRNA expression detected
was approximately six-fold in tail and four-fold in brain
and hindlimb.

The overall response in all tissues to T4 expo-
sure was similar to that observed for T3 with some
notable exceptions. TR� transcript levels displayed a
concentration-related increase in expression in the tail
at 24 and 48 h which was maintained at 96 h (Fig. 2).
In contrast to the lack of induction of TR� levels by
T3 in the brain at 96 h, treatment with T4 at this time
point resulted in a modest maintenance of the induc-
tion response observed at 24 and 48 h (Fig. 2). In the
hindlimb, the higher T4 concentrations elicited a signif-
icant elevation in TR� mRNA levels at 24 h (p ≤ 0.02).
However, this response was rapidly diminished to non-
significance by 96 h.

In general, the TH-dependent induction of BTEB
mRNA expression was strikingly similar to that of TR�
mRNA (p ≤ 0.02;Fig. 3). However, BTEB transcript
levels in the tail increased up to 14- and 35-fold for
T3 and T4, respectively. For both hormones, BTEB
m ain
vident at the lowest T3 concentration at 24 and 48
 RNA levels reached a maximum five-fold in the br
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Fig. 1. TH-dependent changes in gene expression for TR� in X. lae-
vis tadpoles. QPCR analysis was performed on mRNA isolated from
tail, brain and hindlimb tissues exposed to different concentrations
of T3 or T4 at 24, 48, and 96 h of treatment. Gene expression data are
presented as fold change relative to control animals within the same
treatment period. Grey triangles represent the increasing two-fold
increments in nominal exposure concentrations for T3 (0.48, 0.97,
1.92, 3.84, and 7.68 nM) or T4 (10, 20.1, 40.3, 80.6, and 161.2 nM).
The dotted lines show mRNA abundance equal to the control steady-
state levels. Error bars represent the S.E.M. Statistically significant
differences (�-adjusted,p ≤ 0.02) between treatment vs. control are
denoted by an asterisk.

Fig. 2. TH-dependent changes in gene expression for TR� in X. lae-
vis tadpoles. QPCR analysis was performed on mRNA isolated from
tail, brain and hindlimb tissues exposed to different concentrations
of T3 or T4 at 24, 48, and 96 h of treatment. Gene expression data are
presented as fold change relative to control animals within the same
treatment period. Grey triangles represent the increasing two-fold
increments in nominal exposure concentrations for T3 (0.48, 0.97,
1.92, 3.84, and 7.68 nM) or T4 (10, 20.1, 40.3, 80.6, and 161.2 nM).
The dotted lines show mRNA abundance equal to the control steady-
state levels. Error bars represent the S.E.M. Statistically significant
differences (�-adjusted,p ≤ 0.02) between treatment vs. control are
denoted by an asterisk.
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Fig. 3. TH-dependent changes in gene expression for BTEB inX. lae-
vis tadpoles. QPCR analysis was performed on mRNA isolated from
tail, brain and hindlimb tissues exposed to different concentrations
of T3 or T4 at 24, 48, and 96 h of treatment. Gene expression data are
presented as fold change relative to control animals within the same
treatment period. Grey triangles represent the increasing two-fold
increments in nominal exposure concentrations for T3 (0.48, 0.97,
1.92, 3.84, and 7.68 nM) or T4 (10, 20.1, 40.3, 80.6, and 161.2 nM).
The dotted lines show mRNA abundance equal to the control steady-
state levels. Error bars represent the S.E.M. Statistically significant
differences (�-adjusted,p ≤ 0.02) between treatment vs. control are
denoted by an asterisk.

Fig. 4. Comparison of TR� and BTEB expression in the brain and
tail in response to T3 and T4 at 96 h. The response curves of each
gene are plotted based upon the known differences in biological activ-
ities of T3 and T4 (Frieden, 1968; White and Nicoll, 1981) and our
own morphological observations (Table 1). Data from the T3 (closed
diamond) and T4 (open diamond) exposures are presented as fold
change relative to matched time point controls.

and seven-fold in the hindlimb. A clear concentration-
dependent pattern of induction was observed in the tail
for both hormones.

In our analyses, we observed that the relative
responses to T3 and T4 differed in the tail and brain. We
matched the concentrations of T3 and T4 that elicited
similar biological responses at 14 days and compared
the induction of gene expression. At 96 h, the TR� and
BTEB expression response in the tail to T3 exhibited
almost identical patterns compared to their response to
T4 (Fig. 4). In contrast, T3 elicited no concentration-
dependent changes in TR� and BTEB expression in
the brain, whereas T4 elevated their expression.

3.3. Gene expression response to TH inhibitors

We have previously shown that methimazole, PTU
and perchlorate significantly inhibit the development
of X. laevis tadpoles (Degitz et al., 2005; Tietge et al.,
2005). In order to determine the potential effect that
these inhibitors have on the expression of the three
test genes, we separately exposed NF stage 54 tad-
poles to 100 mg/l methimazole, 20 mg/l PTU, or 4 mg/l
perchlorate. QPCR analyses of TR� gene expression
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Fig. 5. Changes in gene expression for TR� in X. laevis tadpoles
exposed to TH antagonists. QPCR analysis was performed on mRNA
isolated from tail, brain and hindlimb tissues exposed to 100 mg/l
methimazole (Met), 20 mg/l PTU or 4 mg/l perchlorate (Per) at 24 h
(white bars), 48 h (grey bars), and 96 h (black bars) of treatment.
Gene expression data are presented as fold change relative to con-
trol animals within the same treatment period. Error bars represent
the S.E.M. Statistically significant differences between treatment vs.
control are denoted by* p ≤ 0.02 and** p <0.001.

showed a significant decrease in the brain at 24 h
(p < 0.001) and 48 h (p ≤ 0.02) with methimazole treat-
ment and a significant increase at 48 h (p < 0.001) and
96 h (p ≤ 0.02) upon perchlorate treatment (Fig. 5).
There was no significant effect of the PTU treatment
at any time. Although the hindlimb showed a signifi-
cant (p ≤ 0.02) decrease upon methimazole treatment
at 24 h, all other treatments and time points showed no
significant change. No significant change was observed
in the tail at any time or treatment.

The expression levels of both TR� and BTEB were
unchanged upon inhibitor treatment at all time points
and in all tissues tested (Figs. 6 and 7).

Fig. 6. Changes in gene expression for TR� in X. laevis tadpoles
exposed to TH antagonists. QPCR analysis was performed on mRNA
isolated from tail, brain and hindlimb tissues exposed to 100 mg/l
methimazole (Met), 20 mg/l PTU, or 4 mg/l perchlorate (Per) at 24 h
(white bars), 48 h (grey bars), and 96 h (black bars) of treatment.
Gene expression data are presented as fold change relative to control
animals within the same treatment period. Error bars represent the
S.E.M. No statistically significant changes were observed in any
tissue at any time point.

4. Discussion

The development of bioassays that measure changes
in gene expression show great promise in the detec-
tion of thyroid active agents and their disruptive
effects on development and homeostasis. Of partic-
ular interest is the examination of chemicals that
may possess endocrine disruptive activity and alter
hormone-regulated gene expression programs. In the
amphibian, postembryonic development is dependent
upon the synthesis and activity of TH. Changes in
TH-dependent gene expression can be detected by
48 h in most tissues following exposure to exogenous
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Fig. 7. Changes in gene expression for BTEB inX. laevis tadpoles
exposed to TH antagonists. QPCR analysis was performed on mRNA
isolated from tail, brain and hindlimb tissues exposed to 100 mg/l
methimazole (Met), 20 mg/l PTU, or 4 mg/l perchlorate (Per) at 24 h
(white bars), 48 h (grey bars), and 96 h (black bars) of treatment.
Gene expression data are presented as fold change relative to control
animals within the same treatment period. Error bars represent the
S.E.M. No statistically significant changes were observed in any
tissue at any time point.

TH (Buckbinder and Brown, 1992; Wang and Brown,
1993; Denver et al., 1997; Helbing et al., 2003). The
establishment of molecular endpoints for incorporation
into the metamorphosis assay must address a number of
crucial experimental factors that play important roles in
the interpretation of exposure data and the overall pre-
dictive ability of the assay (De Vito et al., 1999). These
factors include developmental stage of the test animal
population, selection of responsive gene expression
biomarkers, choice of tissue sampled for gene expres-
sion assessment, the nature and concentration of test
chemicals under investigation, the duration of expo-

sure to the test chemicals, and the relationship between
gene expression modulation and resultant biological
outcome. In the present study, we examined T3 and T4
as representative TH agonists and methimazole, PTU
and perchlorate as representative TH antagonists to
establish the utility of select genes as molecular mark-
ers and to establish the timing of sample collection. The
change in known TH-responsive gene transcript levels
was examined relative to the rate of metamorphosis
and, in the case of antagonists, thyroid histology, in
order to form the basis of a predictive gene expression
bioassay to identify agents that disrupt normal devel-
opment.

Metamorphosis of the tadpole requires hormone-
dependent initiation of tissue-specific gene expres-
sion programs that function to alter the proteome
and ultimately tissue fate. Among the three candi-
date biomarkers examined in this study, both TR�
and BTEB mRNAs showed a strong relationship with
T3/T4 exposure within all tissues examined, whereas
TR� transcript levels did not. Within the confines of
the experimental design, we were able to detect signif-
icant changes in some of the measured gene transcript
levels even at the lowest concentrations examined. It
would be important to perform exposures on lower
concentrations of THs than those presently used to
determine the limit of sensitivity of the QPCR-based
assay.

Many of the TH-dependent gene expression studies
to date have employed premetamorphic tadpoles and
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Table 2
Spearman’s rho correlation between TH-dependent gene expression and developmental stage achieved at day 14

Gene Time (h) T3 T4
a

Tail Brain Hindlimb Tail Brain Hindlimb

TR� 24 0.943* −0.314 −0.771 1.000* 0.600 −0.200
48 0.771 0.143 −0.429 1.000* 0.200 −0.400
96 0.657 −0.200 0.257 1.000* 0.600 −1.000*

TR� 24 0.943* 0.943* 1.000* 1.000* 1.000* 0.800
48 0.943* 0.714 0.429 1.000* 0.800 0.400
96 0.943* 0.429 0.886* 1.000* 1.000* −0.600

BTEB 24 1.000* 0.943* 1.000* 1.000* 1.000* 0.800
48 1.000* 0.714 0.486 1.000* 0.800 0.800
96 1.000* −0.143 0.029 1.000* 1.000* 1.000*

a Does not include data from 80.6 and 161.2 nM due to 100% mortality by day 14.
* Statistically significantp < 0.05.

exposure. Indeed, we did detect a significant increase
in TR� mRNA levels in control animals over the 96 h
time period (data not shown).

In order for a gene expression endpoint to be use-
ful, it must be able to predict a deleterious effect
such as accelerated metamorphosis. We therefore deter-
mined whether temporal changes in TH-dependent
gene expression that occur within 96 h for a given tis-
sue correlate well with morphological outcomes that
were measured 10 days later. We performed bivariate
correlation analysis on the expression levels of each
of the target gene transcripts compared to the develop-
mental stage achieved at day 14 (Table 2). Although
TR� mRNA levels correlated strongly with acceler-
ated metamorphosis at some time points in the tail and
hindlimb, it was not a good indicator in the context of
T3 exposure, nor was there a relationship detected in the
brain at any time point (Table 2). In contrast, both TR�
and BTEB mRNA levels were strongly correlated with
accelerated metamorphosis in the brain and tail at 24 h
regardless of the TH agonist used (Table 2). This strong
correlation was maintained in the tail for these two tran-
scripts for 48 and 96 h suggesting that assessment of tail
tissue allows for a wider time span (24–96 h) in which
to observe significant hormone-dependent changes in
TR� and BTEB mRNA expression. At no time point
tested in the hindlimb did both T3 and T4 treatments
show a strong correlation between any transcript and
acceleration of metamorphosis. Therefore, the brain
and hindlimb display limitations in the magnitude and
l pli-

cability for use with these gene expression endpoints
in identifying TH agonists.

Morphological changes that occur in the tadpole
during metamorphosis are extensive and involve most
tissues. Not all tissues appear to respond to equivalent
concentrations of TH; limb development and remod-
eling of the brain occur early while regression of the
tadpole tail is initiated late in the metamorphic pro-
cess (Shi, 2000), and some require continuous exposure
to a certain concentration of TH while others require
only brief exposure (Atkinson, 1981). How specific tis-
sues respond to specific TH agonists may also vary.
We detected differences in tissue-specific responses
between the two agonists (Fig. 4). This may be due
to differences in TH import and export and/or the
tissue-specific balance of different deiodinase activ-
ities. Alternatively, the observed difference between
the two THs could be due to certain unique T4 func-
tions independent of its conversion to T3. Whatever
the cause(s), this observation accentuates the need to
examine multiple target tissues for the assessment of
gene expression biomarkers.

This finding is further extended in the examina-
tion of TH antagonists. We chose the three antagonists
to represent different modes of action. Methimazole
and PTU are goitrogens that inhibits TH production
by blocking the formation of active iodide via the
peroxidase system (Cooper et al., 1984) and perchlo-
rate ions are competitive inhibitors of iodide uptake
(Wolff, 1998). We chose concentrations that we pre-
v land
ength of induction and thus are restricted in their ap
 iously showed caused an increase in thyroid g
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size at day 8 and significantly delayed metamorpho-
sis at 14 days with no mortality (Degitz et al., 2005).
All three antagonists have been used to therapeutically
treat hyperthyroidism, but perchlorate is also a persis-
tent environmental contaminant (Soldin et al., 2001)
with environmental exposures in groundwater ranging
from 200�g/l to 3700 mg/l in highly contaminated sites
(Urbansky, 1998).

A significant change in TR� gene expression was
detected only in the brain with little or no effect on
the tail or hindlimb. Methimazole treatment resulted
in a down-regulation and perchlorate caused an up-
regulation, whereas no effect was seen for PTU (Fig. 5).
The gene transcripts that were strongly correlated with
TH agonist function were not affected by any TH antag-
onist suggesting that the initial mechanisms of action
at the gene expression level are fundamentally differ-
ent. There is no precedent for a selective change of
TR� transcript levels over this short time frame in
these tissues, but the alteration seen may reflect the
acute cellular response to inhibitor exposure. Although
TR� transcript levels present an intriguing possible
biomarker for methimazole and perchlorate exposure,
the lack of response to PTU suggests that more detailed
analyses are required to determine if TR� expression
levels are indeed affected by this chemical, perhaps
with different kinetics. For example, the effects of
methimazole are not detected by 96 h (Fig. 5). It is
possible that a transient down-regulation has occurred
prior to the 24 h time point for PTU which was thus
m
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